Physiological processes, as autophagy, proliferation and apoptosis are affected during carcinogenesis.
INTRODUCTION
Cells have evolved to sense and integrate signals from the environment in order to respond to it. In the presence of an environmental stimulus, which can be nutrients or a stress, intracellular pathways are activated, and their interaction determines how the cell will respond to such stimulus.
In the tumorigenic process, alterations in those pathways result in an imbalanced cell growth, originated from a misbalance between cell division and cell death. The traditional treatment for cancer is based on surgery and the exposure of cancer cells to mainly two kinds of cytotoxic effectors: ionizing radiation (radiotherapy) and/or chemotherapeutical drugs (chemotherapy), which ultimately leads to the generation of DNA damage in an attempt to kill cancer cells. However, very frequently, not all of the cancer cells die, which results in the selection of the cells that can resist the therapy. It is, therefore, very important to understand how cancer cells respond to such therapy agents, and how cells integrate pathways that are activated in response to therapy that will lead to cell death or survival.
This review aims to discuss mostly two mechanisms that are very frequently activated by therapeutic agents, apoptosis and autophagy. Here, we focus on an emerging important pathway JOÃO M.A. DELOU, DEBORAH BIASOLI and HELENA L. BORGES regarding the integration of those two mechanisms, the retinoblastoma protein (RB) pathway.
APOPTOSIS AND CANCER
Apoptosis is a physiological process of metazoans involving a series of biochemical events in a specialized signal transduction pathway that ultimately leads to a regulated form of cell death in which dead cells do not release toxic components to its environment (Galluzzi et al. 2015a , Hacker 2013 . The classical apoptotic process involves a cleavage cascade performed by cysteine proteases, called caspases (Thornberry and Lazebnik 1998) . Activated caspases cleave cellular substrates (Boatright et al. 2003) to induce DNA fragmentation, nuclear condensation, cytoplasmic shrinkage, membrane blebbing and, thereafter, cell death and dissolution with the formation of apoptotic bodies (Figure 1 ) (Galluzzi et al. 2015b, Saraste and Pulkki 2000) .
Apoptosis in cancer has been largely studied and it is well recognized that the apoptotic signaling pathway is obligatorily impaired or perverted during the oncogenic transformation process (Hanahan and Weinberg 2011). It is not surprising that reduced caspase activity is very commonly found in cancer cells (Shen et al. 2010 , Devarajan et al. 2002 as well as the imbalance between the anti-and pro-apoptotic proteins BCL2 and BAX, respectively; which are important in the outcome regarding drug response (Pepper et al. 1997) .
Alterations in the tumor suppressor p53 response are also very common in cancer. Humans with germline mutations on the TP53 gene develop a tumor predisposition syndrome called Li-Fraumeni (Malkin 2011) , and 50% of human tumor types present a mutated form of p53, which is often associated with poor prognosis and resistance to therapy (Kirsch and Kastan 1998). Additionally, it was shown that in melanoma cells, some downstream genes in the p53 pathway are deregulated, which leads to apoptosis evasion (Avery-Kiejda et al. 2011) .
Restoring apoptosis is a therapeutic strategy to cancer treatment that has been explored and intensively studied. For example, oblimersen, an antisense oblimer to the BCL2 anti-apoptotic protein, was the fi rst drug targeting BCL2 to go on clinical trial. The combination of oblimersen with conventional treatment resulted in chemosensitization (Knox et al. 2008) . A phase III randomized trial of fl udarabine and cyclophosphamide with or without oblimersen in 241 patients with relapsed/refractory CLL showed some benefi t to patients. After 5 years, however, the benefi ts did not translate into a signifi cant survival advantage for the oblimersen group (O'Brien et al. 2007 (O'Brien et al. , 2009 . In summary, the development of small molecule inhibitors specifi c for antiapoptotic BCL2 proteins has been evaluated to potentiate effi cacies of established drugs and might decrease the patient drug load by diminishing the required chemo-/radiotherapy dose, but more studies are necessary (Vogler 2014) .
Small mimetics of BCL2-homology-3 (BH3)-only proteins have being tested for cancer therapy in preclinical stage and also in clinical trials. ABT-737 has been proved effi cacious in killing certain leukemias, lymphomas, small cell lung cancer and multiple myelomas, as a single agent, in a BAX/ BAK dependent manner (Oltersdorf et al. 2005) .
Its orally derivative form ABT-263 was evaluated in clinical trials and in combination with another treatment, rituximab, was well tolerated as initial therapy for patients with CLL, yielded higher response rates than rituximab alone and resulted in prolonged progression-free survival with treatment beyond 12 weeks (Kipps et al. 2015) .
Some small molecules that inhibit p53 and its inhibitor MDM2 interaction, and therefore stabilize and activate p53 have been developed. Nutlins are cis-imidazole analogues that have been shown to selectively induce senescence in cancer cells (Shangary and Wang 2009) . MI-219, another inhibitor of p53-MDM2 interaction, selectively induces apoptosis in cancer cells and significantly reduces tumor growth (Shangary et al. 2008 ). Another strategy is to reactivate mutant p53 with small molecules like Prima-1, a compound that covalently binds to the mutated p53 protein and recovers its physiological function, reactivating its ability to activate apoptosis, leading to tumor cells death (Lambert et al. 2009 ). It is noteworthy that several publications have described a noncell autonomous tumor suppressor function for p53, for example by modulating factors secreted by liver stellate cells, culminating with a change in macrophages response and the inhibition of liver cancer associated with cirrhosis development (Lujambio et al. 2013 ). Moreover, p53 was shown to modulate astrocytes to secrete extracellular matrix that interfered with glioblastoma cells survival and migration (Lujambio et al. 2013 , Biasoli et al. 2014 ). It will be, therefore, important to evaluate the effects of p53 modulating drugs in the tumor microenvironment in future studies.
AUTOPHAGY
Autophagy is a physiological process of organelles and macromolecules turnover and nutrients recycling, conserved in all eukaryotic organisms, from yeast to humans (Klionsky et al. 2011) . During the multistep macroautophagic process, thereafter referred to as autophagy, the cytoplasmic content is caught by a structure called isolation membrane, which elongates and forms a double membrane vesicle called the autophagosome. The autophagosome then fuses with the lysosome, giving rise to the autolysosome, where the lysosomal enzymes finally degrade the cytoplasmic content (Klionsky 2005) . Recent evidences have shown that the endoplasmic reticulum, Golgi and the mitochondria provide source for the isolation membrane formation (Tooze and Yoshimori 2010, Ge et al. 2014) . Autophagy occurs in basal levels, but some stimuli result in massive induction (Figure 1 ).
MOLECULAR REGULATION OF AUTOPHAGY
Autophagy is physiologically regulated in multiple and redundant steps, since its initial events, associated to the formation of the isolation membrane, all along to its most terminal events, as the regulation of the activity of the autolysosome enzymes. Some of these events and modulators are highlighted here. ATGs (autophagy related proteins) were described in yeast and are conserved in eukaryotic organisms (Klionsky et al. 2003) . When autophagy is induced, ATGs interact in complexes, culminating with the formation of the isolation membrane. In a complex cascade of conjugations, ATG12 binds to ATG5. This ATG12-ATG5 complex then binds to ATG16 that is important for the elongation of the isolation membrane. This phenomenon also depends on Vps34 activity, a PI3K class III, which explains why 3-methyladenine (3-MA, a PI3K inhibitor) prevents autophagosome formation (Tassa et al. 2003) .
Also during autophagy process, microtubuleassociated protein 1A/1B-light chain 3 (LC3) is lipidated through conjugation with phosphatidylethanolamine (PE), generating the LC3-II form, which is then allocated in the autophagosome membrane (Yorimitsu and Klionsky 2005) . The appearance of the LC3-II form has been one of the most used JOÃO M.A. DELOU, DEBORAH BIASOLI and HELENA L. BORGES methods to detect the induction of autophagy. Notably, LC3 interacts with the p62 protein, which is often found inside autophagosomes, and is degraded when the autolysosome is formed. The decrease in p62 levels has been used for detecting an ongoing autophagic flux (Bjorkoy et al. 2005) . Once the autophagosome is formed, it goes through maturation steps and then it fuses with the lysosome, being called autolysosome. The degradation of its content requires a low pH and proteinase B, a hydrolase involved in the activation of many other vacuolar zymogens (Nakamura et al. 1997 , Teter et al. 2001 .
The mammalian target of rapamycin (mTOR) is central to the control of autophagy induction through many different pathways. mTOR is a serine/threonine kinase that plays key roles in the cellular responses to changes in nutrient conditions and energy metabolism. It inhibits autophagy by modulating signal transduction cascades to control transcription and translation, and it can directly control the activity of ATG. For example, mTOR causes hyperphosphorylation of ATG13, which prevents its binding to ATG1, therefore collaborating for the autophagy inhibition (Kamada et al. 2000) .
Beclin-1 is the first described autophagyrelated tumor suppressor, which is consistently monoallelically deleted in 40-70% of all sporadic breast, ovarian and prostate cancers. When autophagy is induced, Beclin-1 is important for the Vps34 isolation membrane elongation activity (Liang et al. 1999) . Beclin-1 is phosphorylated by ULK1, a serine/threonine kinase, in response to amino acid starvation, a fact that was shown to increase its activity on Vps34 (Russell et al. 2013) . The interaction between Beclin-1 and AMBRA-1 (activating molecule in Beclin-1-regulated autophagy) has also been shown to increase its activity on Vps34 (Yazdankhah et al. 2014) .
AMP activated protein kinase (AMPK) is activated in response to a variety of stimuli, such as nutrient deprivation, hypoxia and chemo/ radiotherapy. The active AMPK then inhibits mTOR activity and phosphorylates ULK1, thereby, inducing autophagy (Kim et al. 2011) .
In normal conditions, the PI3K/AKT pathway activates mTOR, which down-regulates autophagy. In the presence of starvation conditions, the tumor suppressor phosphatase and tensin homolog, PTEN, dephosphorylates class I PI3-kinase, inhibiting the PI3K/AKT pathway, leading to autophagy activation through mTOR inhibition. Loss of PTEN is a common fact in many cancer types like brain, prostate and breast cancers (Li et al. 1997 ).
AUTOPHAGY IN CANCER
Autophagy has a very tight and complex relationship with cancer. It has been understood as a tumor suppressor mechanism by preventing the tumorigenic process onset through the degradation of damaged organelles and toxic proteins. Once the tumor is formed, however, it has been linked to a tumor promoting mechanism by providing the recycling substrate to cancer cell survival and selection of resistance mechanisms to therapy (Mathew and White 2011).
Mice with allelic loss of the Beclin-1 gene present impaired autophagy and develop hepatocellular carcinomas in advanced ages, showing that autophagy can also work as a tumor suppressor mechanism (Yue et al. 2003) . It was shown that p62 deficiency in autophagy deficient liver prevents the onset of the tumorigenic process (Mathew et al. 2009b ). The levels of p62 are regulated by the autophagic process, since p62 is degraded through it. Interestingly, p62 regulates a survival pathway in response to oxidative stress. In the presence of such stress, the levels of p62 increase. In those circumstances, p62 disrupts the binding of the transcription factor NRF2 with its inhibitor, leading to the activation of survival genes (Villeneuve et al. 2010 ). When autophagy is impaired, p62 levels are constitutively high, which translates in the up-regulation of this survival pathway. Thus, the accumulation of p62 is a very important fact in the impaired autophagy-related tumorigenesis.
Autophagy is activated in tumor cells by many common tumor environment stressors, such as hypoxia, growth factor deprivation and starvation, and is associated with survival. The inhibition of autophagy genes results in cell death of tumor cells mainly present in hypoxic regions (KarantzaWadsworth et al. 2007) .
Autophagy is also activated in response to many therapy agents as a survival mechanism (Table SI -Supplementary Material). For example, it has been shown that 5-fluorouracil (5-FU), which is a first-line drug for colorectal cancer, induces autophagy in colorectal cancer cells. The combination of chloroquine diphosphate (CQ), an autophagy inhibitor, and 5-FU resulted in the inhibition of 5-FU-induced autophagy and a significant enhancement in the 5-FU-induced inhibition of colon cancer growth both in vitro and in vivo (Sasaki et al. 2012) . Interestingly, treatment with autophagy inhibitors increase the cell death induced by bevacizumab (AVASTIN®), a monoclonal antibody that inhibits the biologic activity of vascular endothelial growth factor (VEGF), in hepatocellular carcinomas (Guo et al. 2013) . Therefore, strategies to inhibit autophagy in an attempt to increase the response to therapy are feasible, and mostly, desirable (Amaravadi et al. 2011) (Figure 2) . The lysosomotropic anti-malarial agent hydroxychloroquine (HCQ), which blocks the degradation of autophagic content through inhibition of lysosomal function is being clinically tested (White and DiPaola 2009) . Phase I and II clinical trials combining HCQ with therapeutic agents such as docetaxel, gemcitabine and tamoxifen were carried out in prostate, breast and pancreatic cancer patients (Swampillai et al. 2012) .
In summary, autophagy plays a similar role in tumor cells as it does in normal cells, coping cell survival to stress stimulus. Initially, defects in the autophagic process might facilitate the acquisition of malignant features by healthy cells. Later on, once malignancy is established, the restoration of proficient autophagic responses may be essential to support the survival, proliferation and growth of cancer cells in the presence of adverse microenvironmental conditions (reviewed in Galluzzi et al. 2015b) . Since tumor cells encounter greater stress, the dependence on autophagy may be more substantial. Indeed, autophagy localizes in tumors hypoxic regions most distal from blood vessels, where it supports tumor cell survival (Degenhardt et al. 2006 , Karantza-Wadsworth et al. 2007 , Mathew et al. 2009a . Thus, the autophagy dependence of malignant tumor cells, together with the fact that many therapeutic agents induce autophagy (Table SI) , the combination of those agents with different autophagy inhibitors, probably will provide a therapeutic window for some cancer types. Indeed, a long list of Phase I and II clinical trials with combining therapeutic agents with different autophagy inhibitors, such as bafilomycin A1, 3-MA and CQ, were already summarized in recent reviews (Sui et al. 2013, Jiang and Mizushima 2014) .
APOPTOSIS AND AUTOPHAGY
The complex connection between autophagy and apoptosis is observed in many levels, and several stimuli can induce both processes (Figure 2) . In many cases, autophagy functions as a survival mechanism through which the cells adapt to such conditions, escaping cell death by apoptosis. However, in other situations, autophagy leads to cell death, by autophagic cell death (or type II cell death) (Baehrecke 2005). According to the Nomenclature Committee on Cell Death (NCCD), autophagic cell death is described as a cell death that can be blocked by autophagy pathway inhibitors (Baehrecke 2005), and should not be mistaken by apoptosis that may be preceded by autophagy.
The general idea is that stress often stimulates an autophagic response, if the level of stress is not lethal, but it also stimulates apoptotic response when stress exceeds a critical threshold. In many cases, autophagy constitutes a strategy to adapt and survive with stress. If apoptotic response starts, however, autophagy can be inhibited, in part due to the caspase-mediated cleavage of essential autophagy proteins (Marino et al. 2014) . Recent molecular biology studies have shed light on common regulators to both apoptosis and autophagy, which helps to explain the nature of this relationship.
Mice , suggesting a mechanistic role for Bax and Bak to inhibit autophagic cell death induced in those conditions (Shimizu et al. 2004) . Moreover, the inhibition of caspases activity through the treatment with Z-VAD increases monocytes and macrophages autophagic cell death in response to lipopolysaccharide treatment. Interestingly, this cell death was prevented by the use of interference RNA targeting the autophagy inductor Beclin-1 (Xu et al. 2006) .
Autophagy can also attenuate cell death by selectively reducing the abundance of pro-apoptotic proteins in the cytosol. Autophagy can selectively target specific proteins that have been ubiquitylated; this modification enables them to interact with autophagy receptors, a series of adaptors, including p62, that bind both ubiquitylated substrates and LC3 (Shaid et al. 2013) . As an example, colon cancer cells lacking the pro-apoptotic protein BAX are resistant to TRAIL (TNF-related apoptosisinducing ligand)-induced cell death unless autophagy is inhibited. This might be explained by the selective removal of caspase 8 activated by autophagy (Hou et al. 2010 , Marino et al. 2014 .
Interestingly, cell treatment with BH3 mimetics, as ABT 737, induced autophagy-preceding apoptosis (Malik et al. 2011) . Beclin-1 has been identified as part of the BH3-only group of proteins. When BH3-only proteins are activated, they competitively disrupt the interaction between Beclin-1 and BCL2, letting Beclin-1 free to complex with Vps34 to induce autophagy (Maiuri et al. 2007) . In this context, the BCL2 subcellular localization is determinant for the stimulus outcome. BCL2 can be found in endoplasmic reticulum (ER) or in mitochondria, and only those on the ER can physically interact and inhibit Beclin-1. Thus, it can be inferred that BCL2 localized in ER is both anti-apoptotic and anti-autophagic, whereas BCL2 localized in mitochondria is only anti-apoptotic. Therefore, the balance between the BH3-only proteins that bind and inhibit BCL2 in the ER or in mitochondria, dictates the balance between autophagy and apoptosis (Yanagisawa et al. 2003) . In summary, anti-apoptotic proteins from the BCL2 family usually inactivate Vps34-Beclin-1 complex preventing nucleation of isolation membrane. BCl2-Beclin-1 binding inhibits the pro-autophagic function of Beclin-1 but does not interfere with the anti-apoptotic activity of the BCL2 family. So far by exception of BH3-only protein BIM (BCL2-interacting mediator of cell death), which also prevents autophagy, the BH3-only proteins disrupt Beclin-1-BCL2 interaction and enables Beclin-1 to increase autophagic activity. Moreover, kinases such as Death associated protein kinase (DAPK), JUN N-terminal kinase (JNK) and protein kinase D (PKD) can phosphorylate Beclin1, Vps34 or BIM, disrupting their inhibitory interaction with BCL2 increasing autophagy (reviewed in Marino et al. 2014) .
In addition, several in vivo studies suggest that the inhibition of ATG genes causes apoptotic cell death. Targeted knockdown of ATG5 in T cells leads to death of the mature T cell, suggesting an increase in apoptosis induced by the T-cell receptor stimulation (Pua et al. 2007 ). The specific and simultaneous knockdown of neuronal ATG5 and ATG7 leads to an accumulation of cytoplasmic bodies and neuronal apoptosis, culminating with neurodegeneration. A possible explanation for this outcome is that, as non-dividing cells, neurons are not able to reduce its amount of waste protein aggregates in each cell division, and so, they rely mainly on autophagy for this homeostatic function (Komatsu et al. 2006) . Those results point out that basal autophagy is fundamental to neuron homeostasis.
Additional link between apoptotic and autophagic response can be found in the unusual externalization of large autophagic vacuoles. Nutrient deprivation of endothelial cells evokes unconventional secretion of autophagic vacuoles through plasma membrane. Induction of autophagy was followed by indices of an apoptotic response; caspase 3 modulations in endothelial cells prevented the secretion of autophagic content, but not autophagy process, and, as expected, reduced nuclear markers of apoptosis (Sirois et al. 2012) . Those results suggested caspase 3 activation, apart from being an effector of the apoptotic process, may also plays a role in the release of autophagy vacuoles. Whether this release is another intercellular communication device or a way that contributes to the reduction of cell volume associated with caspase-dependent apoptotic cell death remains to be explored.
In most cases, in stressful conditions, such as in the presence of chemotherapy treatment, autophagy appears to work as a cytoprotective pathway, as already mentioned earlier in this review. Mitochondria play a very important role in apoptosis. Thus, mitophagy (mitochondrial autophagy) of mitochondria that are undergoing mitochondrial outer membrane permeabilization (MOMP) might be a relevant mechanism by which autophagy inhibits stress-induced apoptosis (Colell et al. 2007 ). In some cases, autophagy-promoted survival is accompanied by stress-induced cell cycle arrest. Nutrient deprivation activates AMP kinase, which can induce autophagy, as mentioned here, but it also induces p27 (CDK inhibitor). In this scenario, nutrient deprivation induces cell cycle arrest and autophagy as a survival response, avoiding apoptosis (Liang et al. 2007 ). Moreover, in the presence of whole body gamma-irradiation, autophagy protects the hematopoietic system against nuclear radiation injury by intensifying DNA damage repair pathways, removing reactive oxygen species and inhibiting apoptosis (Lin et al. 2015) . It is possible that such mechanism could also protect cancer cells. Therefore, further understanding of the relationship between DNA damage-induced apoptosis and autophagy is not only relevant, but also urgent to cancer treatment.
Interestingly, the first tumor suppressor described, RB, has been implicated in controlling apoptosis and autophagy. RB PATHWAY In the 70s, through statistical studies of the retinoblastoma childhood cancer, Knudson postulated the two-hit hypothesis, where two mutational events would be necessary for the retinoblastoma development. In the hereditary cases, one of the mutations would be inherited in the germline cells, and the other one would occur in somatic cells. In the non-hereditary cases, both mutational events would occur throughout life, culminating with the retinoblastoma development (Knudson 1971). RB-1 gene encodes a 928 amino acids nuclear-cytoplasmatic phosphoprotein. Together with p107 and p130, RB is part of the pocket proteins family, which can bind to the E2F transcription factor family (Dyson 1998).
RB is a major cell cycle regulator, and exerts its function mainly by controlling E2F1 activity. For the G1/S phase transition to occur, RB must be inactivated by hyperphosphorylation, which promotes the disassembly of transcriptional repressive mechanisms mediated by RB in E2F-responsive genes. Thus, resulting in transcription of many genes needed for cell cycle progression, such as cyclin E and Proliferating Cell Nuclear Antigen (PCNA) (Figure 3) (Weinberg 1995) .
RB phosphorylation is regulated throughout the cell cycle by cyclin/CDK complexes, namely cyclin D-CDK4/6 and by PP1 (protein phosphatase 1). In the presence of a stressful stimulus, like nutrient starvation, RB can be dephosphorylated by the action of CDK inhibitors, such as p16, which will inhibit cell cycle transition (Kolupaeva and Janssens 2013).
Alterations in the RB pathway are present in about 70% of all tumor types. Interestingly, the way by which the pathway is altered varies between tumor types. In some cases, like small cell lung cancer (SCLC) and bladder cancer, the loss of RB expression itself is the most common alteration found in the pathway (more than 90% of SCLC and up to 70% of bladder cancer cases). In other tumor types such as colorectal, pancreatic, breast and liver cancer, most of the alterations found in the pathway are in upstream components (overexpression of cyclin D1 or loss of expression of the CDK inhibitor p16 -up to 80% in colorectal cancer, up to 90% in pancreatic cancer, up to 70% in breast cancer and up to 80% in liver cancer) (Knudsen and Knudsen 2008) . In those cases, RB is still present in cancer cells, but inactivated in its cell cycle blocking function by hyperphosphorylation. Thus, understanding RB functions besides cell cycle blockage is important regarding the study of those cancers.
The simplistic view that E2F is released during the cell cycle by hyperphosphorylated RB has been revised. During cell cycle progression, a fraction of RB-E2F complexes persists even when RB is phosphorylated. This result helped understanding why during proliferation in normal conditions, E2F1-inducible apoptotic genes such as apoptotic peptidase activating factor-1 (APAF-1), caspases and p73 are not expressed along S-phase, since at least a fraction of RB1-E2F1 complexes persist at the repressing promoters of E2F1 apoptotic genes (Dick and Rubin 2013, Attardi and Sage 2013). In the current view, RB is a scaffold for multiple protein interactions, involved in distinct physiological processes. Most of these roles are mediated by transcriptional regulation exerted both by direct interactions with transcription factors as well as by recruiting co-repressors/activators to sequence-specific transcription factors (Talluri and Dick 2012) . Therefore, RB pathway is relevant not only in cell cycle progression, but also for apoptosis and autophagy.
RB FUNCTIONS
Apart from regulating cell cycle transition, many other important roles have been addressed to RB, such as differentiation, senescence, apoptosis and, recently, autophagy. RB makes complex not only with E2F, but also with different partners that mediate positive and negative regulation of transcription. For example, during differentiation, transcription factors are activated in the presence of RB, such as MyoD during myogenesis, CBFA1/ Runx2 during osteogenesis (Thomas et al. 2001) and C/EBP and NF-IL6 during adipogenesis (Chen et al. 1996a, b,) .
Senescence is a stable form of cell cycle arrest induced by stressful stimuli like oncogene activation and DNA damage or by telomere attrition, called replicative senescence (Campisi 2001) . Senescence has been linked to a cell state resistant to several kinds of stress conditions. Accumulation of autophagosomes is observed in senescent fibroblasts suggesting autophagy is required for tumor senescence (Figure 2) . The senescent cell is not only resistant to cell death but show a secretory phenotype, called the senescence-associated phenotype (SASP), which contributes to tumor progression. This phenotype includes the secretion of many factors such as interleukines (IL8, IL6 and IL7) and metalloproteinases (MMP2 and MMP3), and thus has the potential to create a malignant microenvironment (Coppe et al. 2010) .
When cells enter in senescent state, they stop expressing replication genes. Narita et al. 2003 showed that senescent cells accumulate a distinct heterochromatic pattern, called the senescence JOÃO M.A. DELOU, DEBORAH BIASOLI and HELENA L. BORGES associated heterochromatic foci (SAHF), which coincides with the recruitment of RB and heterochromatin proteins to E2F-responsive genes promoters and the permanent silencing of essential replication genes (Narita et al. 2003) . SAHFs are linked to transcriptional repression of proliferative genes as they become enclosed in these foci leading to stable silencing. These heterochromatic foci are detected by a preferential DNA dye binding or by the presence of heterochromatin protein-1 (HP1). HP1 binds to heterochromatin-associated histone modifications, including histone H3 that is methylated at Lysine 9 by Histone-lysine N-methyltransferase (Suv39h1). A complex of RB, Suv39h1 and HP1 was shown to repress the cyclin E promoter. In agreement with RB role in inducing and keeping senescence state, acute loss of RB in senescent mouse embryonic fibroblasts (MEFs) results in increased DNA synthesis, cell cycle re-entry and subsequent reversal of cellular senescence (Sage et al. 2003) . Rb1 −/− MEF's can arrest with hallmarks of senescence, but they escape and immortalize sooner than control cells expressing RB protein (Dannenberg et al. 2000 , Sage et al. 2000 . This result remarkably places RB in an essential position in the molecular control of the entrance and maintenance of cellular senescence (Figure 3) . In addition to cell cycle progression and senescence, RB also regulates apoptosis. Homozygous mutant mice (Rb1 -/-) embryos are embryonic lethal (Clarke et al. 1992 , Jacks et al. 1992 , Lee et al. 1992 , and show extensive apoptosis in the central and peripheral nervous system and other organs involving different apoptotic mechanisms (Borges et al. 2007 , Guo et al. 2001 , Simpson et al. 2001 . The massive neuronal loss in developing nervous system with Rb germline loss-of-function mutations can be explained by placental formation defects (de Bruin et al. 2003) . However, acute murine knockout models of Rb in terminally differentiated neurons in vitro and in vivo reported that acute inactivation of Rb in postmitotic neurons results in ectopic cell cycle protein expression and neuronal loss without concurrent induction of classical E2f-mediated apoptotic genes, such as Apaf1 (Andrusiak et al. 2012 ). These results suggest that terminally differentiated neurons require Rb for continuous cell cycle repression and survival. In proliferating cells, the cell cycle arrest induced by RB is anti-apoptotic, since RB-null fibroblasts have a defective DNA-damage induced cell cycle arrest and die by apoptosis (Knudsen et al. 2000) . Moreover, restoration of RB in RB1-deficient cells from several cancer types prevented apoptosis induced by ionizing radiation, p53 overexpression, ceramide, and interferon (IFN)-γ (Berry et al. 1996 , Haas-Kogan et al. 1995 , Haupt et al. 1995 , McConkey et al. 1996 , suggesting RB being antiapoptotic against different cell death inducers. The anti-apoptotic role of RB could be a consequence of the cell cycle arrest in response to stress signals. However, the ectopic expression of a mutated form of RB, which is unable to induce growth arrest, protected RB1 deficient osteosarcoma and breast cancer cells from DNA damage-induced apoptosis (Chau et al. 2006) . Therefore, RB1 could be antiapoptotic independent of growth arrest, what could be through the direct inhibition of apoptotic genes (Indovina et al. 2015) .
Moreover, RB is cleaved by caspases during the TNF-α induced apoptotic process, and importantly, a caspase non-cleavable form of RB leads to apoptosis resistance in those conditions (Chau et al. 2002) , showing that RB has a role also in the apoptosis induced by the extrinsic apoptotic pathway (Figure 3) . It is worth to mention that at least for RB cleavage by caspases, apoptosis regulation is not a consequence to cell cycle arrest disruption, since the mutant caspase resistant form of RB does not interfere with the cell cycle regulation (Chau et al. 2002) . RB is not an absolute prerequisite for apoptosis, but it can be a crucial step for certain apoptotic events, depending on both the cell type and the nature of the death inducers.
In some cases, however, RB can have a proapoptotic function by positively regulating the transcription of pro-apoptotic E2F responsive genes, such as p73 and/or caspase 7 (Ianari et al. 2009) , showing that the role of RB in apoptosis has to be considered in a contextual basis (Figure 3) . DNA damage posttranslational modifications have also been shown relevant to pro-apoptotic function of RB. After DNA damage, RB is dephosphorylated at CDK target sites, however, damage-activated kinases (ataxia-telangiectasia mutated-ATM-and checkpoint kinase 1/2-CHEK1/2) phosphorylate RB and/or E2F. RB-E2F1 are also acetylated, and methylated, and recruits histone acetyltransferase p300/CBP-associated factor (P/CAF) forming a transcriptionally active complex that can induce E2F1 apoptotic genes and repress cell cycle genes (Figure 3 ) (Dick and Rubin 2013, Munro et al. 2012) . Moreover, independent of its role as a transcriptional regulator, it was shown that RB directly activates the apoptosis regulator BAX at the mitochondria and promotes cell death (Hilgendorf et al. 2013) . Altogether, these data suggests that the anti-and pro-apoptotic roles of RB might depend on the cell context. In line with the idea that the role of RB in apoptosis has to be considered in a contextual basis, unpublished data from our group suggest that RB knockdown has different outcomes according to the cytotoxic treatment and cell line used (Borges, Rodrigues and Soletti). RB knockdown could increase cisplatin-induced apoptosis, measured by caspase 3 activation and the picnotic nuclei percentage; but decreased 5-FU induced cell death in esophagus carcinoma cell lines. In addition, similar results were obtained when RB pathway was modulated. CDK inhibitor co-treatment (roscovitine or flavopiridol) was able to increase cisplatin-induced apoptosis. In contrast, 5-FU-induced cell death was reduced by co-treatment with the CDK inhibitors. In addition, either RB knockdown or CDK inhibitors treatments increased TNF-induced apoptosis in cell lines of esophagus adenocarcinoma, whereas had no effect in the carcinomas. Therefore, these results suggest that interfering with RB pathway could increase or decrease the apoptosis threshold according to specific stress conditions and cancer type.
RB AND AUTOPHAGY Some works have described a role for RB-E2F pathway in the autophagic process. E2F 1 can induce the expression of autophagy genes such as LC3, ATG1, and damage-regulated autophagy modulator (DRAM) (Polager et al. 2008) . Moreover, E2F1 lacking transcriptional activity domain has been showed to induce autophagy, what suggests that expression of autophagy genes might not be the only way of E2F-RB pathway to regulate autophagy (Garcia-Garcia et al. 2012) (Figure 3) . Indeed, Jiang et al. (2010) have shown evidences that suggest that RB is required for the autophagy induction that accompanies CDK inhibitor mediated cell cycle arrest. When RB was transduced in a panel of RB defective cell lines, LC3-II conversion and ultrastructural autophagy phenotype were observed, indicating that the exogenous RB induces autophagy in those cell lines. This autophagy induction was accompanied by the expression of autophagy-related genes like Beclin-1 and by the down-regulation of BCL2. Moreover, by treating p16 or p27 null-cell lines with CDK inhibitors, the authors showed an induction of autophagy, which was abrogated by RB knockdown, showing that CDK inhibitor induced autophagy is dependent on RB. Additionally, they showed that RB binding to E2F is required for this autophagy induction and that when exogenous E2F was transduced together with RB; it resulted in apoptosis induction in spite of autophagy (Jiang et al. 2010) . Thus, the authors proposed a mechanism through which the dephosphorylated RB, mediated by CDK inhibitor treatment, increases the levels of E2F linked to RB. JOÃO M.A. DELOU, DEBORAH BIASOLI and HELENA L. BORGES The lower expression of BCL2, an E2F target, in turn, results in the release of the complex Beclin-1-BCL2, which increased autophagic activity of Beclin-1.
In addition, recent work has found that RB/ E2F1 pathway is a novel mediator of autophagy induced by the tumor suppressor Transforming Growth Factor-β (TGFβ) (Korah et al. 2016) . TGFβ signaling pathways exert tumor suppressor effects in normal cells and early carcinomas. As tumors develop and progress, these protective and cytostatic effects of TGFβ are often lost. TGFβ signaling then switches to promote cancer progression, invasion, and tumor metastasis (Lebrun 2012). TGFβ activates autophagy in various cancer cell lines and these effects are dependent of E2F1 and RB, as multiple autophagy-related genes that function at various stages in this autophagy process seem to be regulated by RB/E2F1-dependent transcriptional activation (Korah et al. 2016 ).
INTERPLAY BETWEEN RB, AUTOPHAGY, SENESCENCE AND APOPTOSIS
Recently, our group showed that RB expression is essential for the continuation of the etoposideinduced autophagic flux, as well as it works as an anti-apoptotic factor. By knocking down RB in glioblastoma cells, we observed an increase in etoposide-induced DNA double strand breaks, caspase 3 cleavage, p53-activation and apoptosis. These effects were accompanied by an impaired autophagic flux, characterized by a dysfunctional autophagosome-lysosome fusion and accumulation of p62 (Biasoli et al. 2013) . We also observed that the increased activation of p53 was followed by an increase in DRAM activation, which can help explain the induction of autophagic flux by etoposide and that might have been blocked in its last steps when RB was knocked down in consequence of the increased apoptotic rate. Recently, in a similar study, knockdown of RB during treatment with cisplatin inhibited autophagy and improved cisplatin-induced apoptosis (Liu et al. 2016) .
RB seems to have a role in the last steps of the autophagic flux. Huang et al. (2007) showed that RB cleavage is necessary for Bid cleavage in the TNF-α induced type II apoptosis. Consistent with this notion, inhibition of V-ATPase with bafilomycin A1, which interfere with acidification of lysosomes and hampers its fusion to autofagosomes and endosomos, restores Bid cleavage and apoptosis in caspase resistant RB cell lines. In mice with a mutant non-cleavable form of RB, Bid cleavage does not occur. Interestingly, the autophagosomes can work as a platform for the DISC-induced activation of caspase 8 through the extrinsic pathway (Huang et al. 2007 ). It might be the case that RB cleavage impairs the fusion between autophagosomes and lysosomes, leading to autophagosomes accumulation and increased levels of caspase 8 activation and apoptosis.
Interestingly, senescence and autophagy exist as parallel processes. In oncogenic-induced senescence, which is RB-dependent, autophagy activity is increased, monitored by the activation of LC3-II. Autophagy contributes to cell cycle arrest and production of senescence-associated interleukins, allowing protein degradation to feed raw materials directly into protein synthesis for the SASP (Narita et al. 2011 , Young et al. 2009 ). Moreover, the inhibition of autophagy delays the senescence process (Young et al. 2009 ). In other studies, however, senescence was independent of autophagy and could occur even when autophagy was suppressed (Goehe et al. 2012 , Young et al. 2009 ).
CONCLUSIONS
The interplay between autophagy, senescence and apoptosis is a complex subject, and it can affect the fate of a cell under a stress, as the response of cancer cells to therapy. Autophagy increases the threshold of stress required for the induction of cell death by several mechanisms, such as selective removal of damaged, potentially apoptosis-inducing mitochondria and by reducing the abundance of pro-apoptotic proteins in the cytosol. It has also been implicated in cancer resistance to cytotoxic drugs and in the senescence process; the cell cycle arrested state that is linked to natural resistance to stress, and during which the cell secretes tumor microenvironment contributing factors. The identification of biomarkers that reflect autophagy status, as well as the molecular switches among autophagy, senescence and apoptosis processes will have to be developed in order to design better therapies for patients.
Most sporadic cancers have RB inactivated due to defects in the pathways that regulate its phosphorylation rather than by mutations. RB is now viewed as a multifunctional protein, being a regulator not only for senescence, differentiation and cell cycle, but also, more recently for apoptosis and autophagy. Recent findings in the literature have shown that RB pathway can regulate autophagy in many levels of the process, as well as the molecular interplay between autophagy and apoptosis. Particularly RB contribution on apoptosis depends on both the cell type and the nature of the death inducers and its function can be modulated by several post-translational modifications. RB inhibition can confer a proliferative advantage to cells, but the apoptosis resulting from its loss may affect cancer growth and, perhaps, interfere with other cellular resistance abilities to respond to stress such as induction of senescence and autophagy. More studies are needed in order to fully understand in the molecular level, how the pathways operate to regulate the switches among those processes.
A recent review summarized several studies on patients with different cancer types, suggesting that RB status affects tumor sensitivity and clinical outcome (Indovina et al. 2015) . RB1 deficiency seems to be associated to improved cytotoxic response to DNA damage agents for some cancer subtypes, and it also limits the effect of hormone and anti-proliferative signaling therapies (Indovina et al. 2015) . These findings suggest that RB might be a crucial target for anticancer strategies, but further studies are necessary.
A better knowledge of how to interfere with RB pathway at the level of the interplay between proliferation, autophagy and apoptosis will enable the understanding of how a specific alteration found in RB pathway can affect the fate of cancer cells. Altogether, this review emphasizes the need to study RB pathway and others that regulate proliferation, autophagy, senescence and apoptosis processes with the expectation of better strategies of drug combinations for cancer treatment.
